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Shape memory epoxy vitrimers based on DGEBA crosslinked with 
dicarboxylic acids and their blends with citric acid 
F. I. Altuna,
a,
* C. E. Hoppe
a
 and R. J. J. Williams
a
 
Thermosetting polymers were synthesized from a commercial epoxy resin (diglycidyl ether of bisphenol A, DGEBA) and a  
tricarboxylic (citric, CA) and different dicarboxylic (sebacic, SA and glutaric, GA) acids. Crosslinking of DGEBA-SA and 
DGEBA-GA systems was achieved by using an epoxy excess that was homopolymerized after consumming all the acid 
groups. It was found that the material properties depend on the diacid length and on the epoxy excess and that, with the 
proper formulation, vitrimers with Tg values ranging from 51ºC to 62ºC, and a high rate of stress relaxation (less than 1h at 
160ºC to achieve 63% of relaxation) could be obtained. Notably, using a mixture of tri-functional CA with SA allowed to 
reduce the epoxy excess while keeping a high Tg value and speeding up the stress relaxation. Three of the formulations 
were selected and their shape memory performance was studied. Good shape fixity and shape recovery ratios (>99%) 
were obtained, indicating a good shape memory performance overall. These properties can be used to create different 
permanent and temporary shapes on a thermosetting polymer obtained from widely availabl e and affordable raw 
materials.
Introduction 
Shape memory epoxies and their nanocomposites  are receiving 
increasing interest due to thei r excellent mechanical and thermal 
properties , very good shape fixing and recovery and their versatility 
to place the glass transi tion temperature (Tg) in a convenient 
temperature range.
1t29
 In a typical case, a temporary shape is 
produced at temperatures above Tg by exerting a force. This shape 
is fixed by cooling below Tg while keeping the force. The initial 
shape is recovered by removing the force and heating again above 
Tg. Al ternatively, keeping the temporary shape during the second 
heating s tage enables the material to behave as a force actuator. 
Several practical applications were devised for both types  o f 
responses. In recent years , new formulations were developed 
including blends and nanocomposites of different nature that 
expanded the potential applications of shape memory epoxies . 
Examples are the possibility to produce remote activation by 
al ternating magnetic fields, electrical  currents or light 
i rradiation,
6,13t16,18
 materials with multiple shape memory 
behavior,
14,16,17,21,26
 or materials exhibi ting desi red combinations  of 
high strengths and elongations.
5,9,24,25,23
 
Leibler and co-workers  recently introduced the concept of vi trimers 
as a new class of cross-linked polymeric materials exhibiting an 
interchange of covalent bonds  above a  temperature Tv (located 
above Tg).
30t32
 The importance of this new type of cross-linked 
polymers  is  that the behaviour above Tv makes  i t possible thei r self-
healing and recycling, and the relaxation of residual  stresses. Shape 
memory materials based on vi trimers  enable producing complex 
temporary shapes outside a mould. This is simply achieved by 
generating the permanent shape at a sui table temperature above Tv 
for the necessary period of time to erase the stress.
30,31,33
 This 
permanent shape is fixed by cooling below Tv and can be used as 
the s tarting point to generate temporary shapes in the temperature 
range located between Tg and Tv. The use of vi trimers  can also 
provide a  flexible s trategy to achieve multishape memory effect. 
Layers of premade epoxy vi trimers with di fferent thermal 
transi tions  self-assemble through covalent bonds by hot-pressing at 
a temperature above Tv. This provides an easy way to get spatial 
control  of the shape memory of 3D s tructures.
34
 
Al though many di fferent chemistries were developed to generate 
vi trimers ,
35
 the focus  of this s tudy is placed on the same chemistry 
explored by Leibler and co-workers .
30t32
 Specifically, they showed 
that epoxies containing 2-hydroxyester groups  produced by the 
epoxy-carboxylic acid reaction (Figure 1a), exhibi t a fast interchange 
of these covalent bonds  (Figure 1b) above a  characteris tic 
temperature (Tv), in the presence of Zn salts . Although the fast 
transesterification of 2-hydroxyester bonds  produced by the epoxy-
carboxylic acid had been reported in the li terature,
36,37
 the group of 
Leibler was the fi rs t to use this chemistry to develop the concept of 
vi trimers . Vi trimers  based on this chemistry are receiving increasing 
attention in the li terature using di fferent formulations and 
catalysts.
34,38t43
 Our speci fic aim was  to develop formulations  based 
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on DGEBA (diglycidyl  ether of bisphenol A), the most used epoxy 
monomer for practical applications  and commercial, easily available 
and cheap poly(carboxylic acids). 
 
 
Figure 1. (a) 2-hydroxyester formation through the reaction between  an epoxy and a 
carboxylic  acid  groups (b) t ransesterification reac tion b etween two 2-hydroxyester  
links. 
In order to use the resul ting vi trimer for shape memory 
applications , it is  desi rable to develop a  network with a  Tg located 
above room temperature (RT) in order to employ a  cooling to RT to 
fix the temporary shape. If there are no extra requirements for the 
use of the material, a  Tg located somewhere in the range of 50-80ºC 
would have the advantage of minimizing the heat needed to 
produce the temporary shape. This also decreases the temperature 
gap between the high and the low (RT) temperature of the thermal 
cycle, a  factor that enables to increase the fixi ty ratio by decreasing 
the shrinkage of the material during the cooling s tep. Several fatty 
acids  were reported in the li terature to cure DGEBA in order to 
produce vi trimers . However, all of them presented Tg values 
signi ficantly lower than 40ºC. The use of a commercial blend of di - 
and tri -carboxylic fatty acids  (Pripol  1040) led to a material  with a  Tg 
close to RT.
30t32,41
 Among the family of typical  fatty diacids , only 
adipic acid (C6) enabled obtaining a  material  with a  Tg close to 40ºC 
when employed in a  stoichiometric ratio with respect to epoxy 
groups .
40
 Sebacic acid (C10) has  also been employed to cure DGEBA 
(1:1 s toichiometry) to produce epoxy vi trimers for shape memory 
applications .
34,39
 The glass transi tion temperature of the cured 
material  is about 30ºC which requires  a  temperature of 0ºC to set 
the temporary shape.
34
 Another problem that has  not been paid 
enough attention is that the use of a fatty diacid (A2) in 
s toichiometric proportion with DGEBA (B2) would ideally produce a 
linear polymer through the epoxy-acid reaction. Transesteri fication 
reactions  lead to gelation and formation of a  polymer network.
36
 
However, a significant sol  fraction is present at the end of 
polymerization that is  not desirable for practical  applications.
36
 An 
increase in the crosslinking density, and hence in the Tg value can 
be achieved by employing an excess of epoxy groups  and producing 
thei r homopolymerization subsequently to the epoxy-acid reaction. 
Tertiary amines are efficient catalysts/initiators  to produce both 
reactions  in series .
9,37
 
Another possible crosslinker of DGEBA is ci tric acid, a  tricarboxylic 
acid present in lemon, lime and orange juices, which is nowadays 
produced from sugars  through a microbiological process.
44
 It was 
al ready employed as an aqueous solution to crosslink epoxidized 
soybean oil (ESO),
38,42
 and an epoxidized sucrose soyate.
45
 The 2-
hydroxyesters generated by the reaction of ci tric acid with ESO 
showed an acceptable transesteri fication rate in the absence of any 
catalyst.
38,42
 Ci tric acid is not soluble in DGEBA but homogeneous 
solutions can be prepared in the presence of a fatty acid as is 
reported in this s tudy. 
 In this work, we present two di fferent strategies  to synthesize 
shape memory epoxy vi trimers based on DGEBA and polycarboxylic 
acids , with Tg located at temperatures  high enough to enable 
setting the temporary shape at 20ºC. The fi rs t s trategy consisted in 
dissolving ci tric acid in melted sebacic acid (in a  50:50 ratio of 
carboxylic groups), followed by addition of DGEBA (10 % over 
s toichiometry) to enable formation of a homogeneous  solution that 
was  thermally cured. An imidazole (1-methylimidazole, 1MI) was 
added with the aim of catalyzing the transesterifica tion reactions , 
necessary to relax the stress when converting the temporary shape 
into a  permanent one. 1MI also proved to be a  good catalyst for the 
epoxy-acid reaction. The second strategy was  based on preparation 
of DGEBA-sebacic acid and DGEBA-glutaric acid blends with an 
excess  of epoxy groups . This produced two sequential reactions  in 
the presence of a  tertiary amine (1MI in our case): in the fi rs t place 
the epoxy-acid reaction and then the homopolymerization of the 
epoxy groups  in excess .
6
 By selecting an adequate epoxy excess  i t 
was possible to convey both Tg and the rate of transesteri fication 
reactions  to convenient values. Shape memory properties of the 
resul ting vi trimers are reported with particular emphasis on the 
possibility of transforming temporary shapes into permanent ones . 
Experimental 
Materials  
A diglycidyl ether of bisphenol A (DGEBA) based diepoxy monomer 
(D.E.R. 332 from Dow Chemical ; epoxide equivalent weight EEW = 
174 g/eq), ci tric acid (CA) monohydrate (C6H8O7.H2O; >98%; acid 
equivalent weight AEW = 70 g/eq), glutaric acid (GA, C5H8O4; >98%; 
AEW = 94 g/eq) and 1-methylimidazole (1MI; 99%) were purchased 
from Sigma-Aldrich. Sebacic acid (SA; C10H18O4; >98%; AEW = 101 
g/eq) was kindly supplied by Castor Oil (Buenos Aires , Argentina ). 
All  reagents  were used as  received without any further puri fication. 
Figure 2 shows their chemical s tructures . 
Synthesis of epoxy-acid vitrimers 
The formulations to obtain the networks are detailed in Table 1 (see 
Table S1 in ESI for further details). The experimental procedure 
carried out in every case is described below.  
DGEBA/CA-SA/1MI. CA.H2O and SA powders  were mixed together 
in a glass vial and heated in a convection oven at 140ºC. Once the 
SA melted, the vial  was manually agi tated several  times  until 
complete dissolution of CA, and the oven temperature was  lowered 
to 125ºC. At this time, the required amount of DGEBA was  placed in 
Page 2 of 10RSC Advances
R
S
C
A
dv
an
ce
s
A
cc
ep
te
d
M
an
us
cr
ip
t
Pu
bl
ish
ed
 o
n 
02
 S
ep
te
m
be
r 2
01
6.
 D
ow
nl
oa
de
d 
by
 C
or
ne
ll 
U
ni
ve
rs
ity
 L
ib
ra
ry
 o
n 
02
/0
9/
20
16
 1
6:
17
:5
3.
 
View Article Online
DOI: 10.1039/C6RA18010H
Journal Name  
ARTICLE 
This journal is © The Royal Society of Chemistry 20xx J.  Nam e. ,  2013,  00,  1 -3  | 3   
Please do not adjust margins 
Please do not adjust margins 
 
 
Figure 2. Chemic al structure of the reagents. (a) DGEB A, n =0.028; (b) citric acid; (c) seb acic acid ; (d) glutaric ac id; ( e) 1-methylimid azole.    
the oven. After 10 min, the pre-heated DGEBA was added to the 
CA-SA solution, and the mixture was manually mixed to obtain a 
clear solution. The DGEBA/CA-SA blend was allowed to react at 
125ºC for 4 minutes  before adding the 1MI, and 4 minutes  later the 
clear, pale yellow mixture was  casted in a  disposable aluminium 
mould and cured for 3h at 120ºC and 6h at 160ºC. 
Table 1. Formulations used to synthesize the epoxy-acid vit rimers. Bas e: 1.0 acid  
miliequivalents. 
Label DGEBA CA.H2O SA GA 1MI R 
 meq meq meq meq mmol  
CS11 1.10 0.50 0.50 0 0.055 1.1 
S12 1.20 0 1.00 0 0.060 1.2 
S15 1.50 0 1.00 0 0.075 1.5 
S20 2.00 0 1.00 0 0.100 2.0 
G15 1.50 0 0 1.00 0.075 1.5 
 
DGEBA/SA/1MI and DGEBA/GA/1MI. DGEBA and SA (or GA) were 
heated separately in aluminium disposable beakers placed in an 
oven at 140ºC (105ºC), until  the diacid melted completely. The oven 
temperature was subsequently lowe red to 130ºC (100ºC), and 
DGEBA and the diacid were mixed together with a glass rod. The 
blend was allowed to react for 4 minutes, and then 1MI was added 
and manually mixed. Finally, the system was cured for 3h at 120ºC 
and 6h at 160ºC. 
Methods  
DMTA. Dynamic-mechanical thermal analysis (DMTA) was 
performed in dynamic mode, employing a  TA Instruments Q800 
Dynamic Mechanical Analyzer with a  three-point bending geometry, 
at a  frequency of 1 Hz. Specimens of rectangular cross-section (1.5 
mm x 5 mm) were tested, with a 20 mm span. Tests  were carried 
out at a  heating rate of 2 ºC/min, from 20 ºC to 180 ºC, following 
the evolution of the s torage modulus (E[) and loss  modulus  (E[[). 
Alpha relaxation temperatures (TD) were defined as the maxima of 
tan w (= '[[l'[) peaks. 
DSC. Dynamic scanning calorimetry (DSC) tests  were performed in a 
Shimadzu DSC 50 calorimeter under a ni trogen atmosphere, at a 
heating rate of 10 ºC/min, from room temperature to 170 ºC. Glass 
transi tion temperature (Tg) values were measured at the onset of 
the transi tion. 
Stress relaxation. Shear s tress  relaxation was determined with an 
AntonPaar Physica MCR 301 rheometer, using specimens with a 
rectangular cross  section (1.5 mm x 5 mm) and a  distance of 18 mm 
between the clamps . Isothermal tests were carried out at di fferent 
temperatures  in the range comprised between 120 ºC and 160 ºC. 
When the sample reached the desired temperature, a torsion 
deformation J = 5%, corresponding to a deflection angle (}) of 
about 30º was applied and the s tress  relaxation, expressed as  a 
relaxation modulus , G(t), was recorded. 
Shape memory. Shape memory performance was s tudied with an 
AntonPaar Physica  MCR 301 rheometer, using specimens  with the 
same dimensions as  those used for stress relaxation experiments . In 
these tests , Z u]o[ ZÀ]}µ µ]vP Ào Ço }(
temporary shape fixation and shape recovery were analyzed, each 
cycle comprising the following s teps : 
- A constant J = 5% was  applied at 100ºC and maintained upon 
cooling to 20ºC.  
- After equilibrating at 20ºC for 5 min, the specimen was released 
by setting a  torque W = 0, and the evolution of J was measured for 
the following 10 min. 
- Temperature was raised keeping W = 0 to recover the permanent 
shape, and the evolution of J was measured until 10 min after 
reaching T = 100ºC. 
In order to characterize the shape-memory behaviour of the 
networks , shape fixity (R f) and shape recovery (Rr) ratios were 
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calculated from these tests . A detailed explanation of the 
calculations is given in the ESI.  
Additionally, tests with higher deformation values (J = 10, 15, 20, 
25, 30 and 40%, corresponding to } = 60, 90, 120, 150, 180 and 
240º approximately) and one single cycle were also performed to 
evaluate the same parameters .  
Results and discussion 
Thermal and dynamic-mechanical properties  
The dynamic-mechanical properties of the epoxy-acid networks are 
shown in Figure 2. Curves }( [ À . T display the typical shape for 
thermosetting polymers , with a high modulus at low temperatures 
corresponding to the glassy state, followed by the r relaxation and 
  µ P]}vZ]ÌÇ o}Á[Àoµ Xoo (}uµo]}v 
 
 
Figure 3. (a) Storage u}µoµ ~[) and (b) damp ing factor (tan w) of the vitrimers as a 
function of temperatu re. 
have high flexural s torage moduli in the glassy s tate (1.5t3.0 GPa), 
which is a  characteris tic of epoxy networks .
46,47
 The plateau in the 
µÇ  UÁ]Z [ Àoµ  ]v]vP Á]Z d o} ]v] Z  
presence of covalent crosslinks, demonstrating that the epoxy 
excess effectively underwent homopolymerization. Signi ficant 
di fferences  in TD values  were measured in the DMA tests , ranging 
from 45ºC for S12 to 78 ºC for G15. The variations of  TD can be 
explained by differences  in the concentration of phenyl groups , 
hydroxyl  moieties , crosslink points  and aliphatic long chains 
(particularly from the SA). It is known that an increment in the 
former three factors leads to an increase in TD while the fourth has 
the opposi te effect.
46
 An analysis of SA cured networks shows that 
TD increases  from 45ºC for R=1.2 to 66ºC for R=1.5, and to 73ºC for 
R=2.0. It can be shown (Table S2 in ESI) that the concentration of 
phenyl  groups  increases, and that of SA aliphatic chains decreases 
in the same way, while the crosslinking density is an increasing 
function of R, since in these materials all  the  crosslinking points  can 
only be created by the homopolymerization of the epoxy excess . 
The effect of shortening the aliphatic chain length can be inferred 
from the comparison of S15 and G15 networks , and provides clear 
evidence that the presence of long SA chains  enhances  the local 
mobili ty and lowers  down significantly the TD value. Finally, i t was 
also evidenced that the addition of CA increased TDup to 73ºC for a 
R value as low as 1.1, due mainly to the higher crosslinking density 
and tOH concentration. It is also worth to mention that CS11 
presents  a broader transition, wi th the tan G peak showing a 
shoulder at lower temperatures , probably originated by 
heterogeneities  at the molecular level  due to the use of a  mixture 
of acids as crosslinker.  
DSC curves  (Figure 4) show a  very similar trend for Tg values , 
ranging from 30ºC for S12 to 62ºC for G15 and being 15-20ºC lower 
than TD values measured by DMTA. S15, S20 and CS11 showed 
intermediate values  of 51ºC, 54ºC and 53ºC, respectively, 
confi rming the DMTA analysis resul ts. With the exception of S12, 
the Tg values found enable the temporary shape setting at RT. 
 
 
Figure 4. DSC th ermo grams of the vitrimers (exoth ermic h eat flows point up wards).  
Stress relaxation 
Stress relaxation behaviour of the vi trimers  was  assessed to 
evaluate the transesteri fication reaction rate, which is responsible 
for reshuffling the network topology and setting a  new permanent 
shape.
30t32,38t42,48
 The s tress relaxation properties measured at 
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Figure 5. Stress relax ation of the vitrimers at 160ºC. A stress relaxation  test carried  out  
on a stoichiometric DGEB A/SA-CA network without 1MI is shown here for comparison  
purposes. 
160ºC for every formulation are shown in Figure 5. A comparison of 
the uncatalyzed DGEBA/CA-SA network (R=1.0) with the CS11 
vi trimer shows the s trong effect of the 1MI catalyst, that enhances 
the transesterification rate by around three orders  of magnitude 
enabling the permanent re -shaping of the vi trimer in about 1h. 
Besides the use of a  transesteri fication catalyst, there are other 
network parameters  that can affect the relaxation rate, and they 
were also analyzed. In the fi rst place, when DGEBA-SA-1MI systems 
are compared the resul ts show that s tress relaxation proceeds 
slower for higher values of R. This is a di rect consequence of the 
lower ratio of 2-hydroxyester groups to non-reversible ether links 
(generated by homopolymerization) for higher R values . It should 
be noted that the concentration of 1MI increases with R (Table S2). 
However experimental evidence shows that the effect of the 2-
hydroxyester concentration is much s tronger than that of a  slight 
increase in catalyst concentration.  
The comparison between G15 and S15 shows that the latter takes 
about 45% more time to achieve the same level of relaxation 
(G/G0=0.37). In this  case, the higher concentrations  of 1MI and 2- 
hydroxyester groups in G15 can be one of the reasons , but a 
complementary explanation for di fferences between relaxation 
rates could be found in the distance between adjacent reacting 
groups (2-hydroxyesters). Since the length of the GA aliphatic chain 
is  about one hal f of that of SA, the 2-hydroxyester linkages in the 
G15 network are much closer to each other, hence less hindered to 
react. These two effects  add up, but they cannot be dis tinguished 
and quantified individually from these experiments. 
The CS11 vi trimers  showed the fastest relaxation rate of the series 
at 160ºC, as a resul t of the combined effects of a higher 
concentration of 2-hydroxyester moieties and the proximity 
between them. The contribution of tOH concentration is qui te clear 
here, since CS11 has a  lower 1MI concentration than S15 and G15. 
It is  important to s tress that CA provides  not only three tCOOH 
groups (yielding three 2-hydroxyesters ) within less than 6 carbon 
atoms of dis tance, but also an additional  hydroxyl group. It is known 
that tOH concentration plays a substantial role in the 
transesterification reaction,
31,38
 and hence i t can be assumed that 
these additional tOH groups contribute to increase the reaction 
rate. The higher functionali ty of CA allows obtaining a  highly 
crosslinked material without the need of using a high value of R, 
keeping a  convenient ratio of 2-hydroxyester groups to ether links 
generated through the homopolymerization reaction. 
 
Figu re 6 . G/G0  vs  time  at  diffe ren t tempera tures  fo r CS1 1 (a) , S15 ( b) an d G15 ( c)  
vit rime rs.  
DMTA, DSC and s tress relaxation tests at 160ºC showed that CS11, 
S15 and G15 networks have adequate combinations of properties 
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(i .e. fast relaxation rates and Tg values above 50ºC). Hence, further 
characterization of the transesterification reactions was carried out 
for these vi trimers by measuring the s tress relaxation at di fferent 
temperatures (Figure 6), and obtaining the activation energy (Ea) at 
two different relaxation values . Ea values were calculated from the 
relaxation time-temperature relation for each vi trimer, using an 
Arrhenius-type equation (Eq. 1): 
 
ln  = Ea/(R.T) t ln A                                   Eq. 1 
 
where W is  the time needed to attain a  given s tress  relaxation value, 
A is  a pre-exponential factor and R is the gas constant. 
Eq. 1 provides an excellent fi tting of experimental data  (ESI, Figure 
S2). Activation energies can be used to predict the relaxation s tress 
rate within a  temperature range, and also indicate the sensitivi ty of 
the transesteri fication reaction rate to a change of temperature. Ea 
values are shown in Table 2, and range from about 90 kJ/mol for 
S15 to around 120 kJ/mol for G15, with CS11 showing an 
intermediate value of a107 kJ/mol . The values for CS11 and G15 are 
somewhat higher than those reported for other catalyzed 
vi trimers
32
 and those of uncatalyzed ESO-CA networks,
38
 and 
signi ficantly lower than that reported for polylactide vi trimers   with 
s tannous octoate as transesterification catalyst.
43
 Additionally, Tv 
values of CS11, S15 and G15 were determined as 105ºC, 107ºC and 
117ºC, respectively. 
 
Table 2. Activation energy ( Ea) for th e trans esterific ation reactions  and topolo gy  
freezin g temperature ( Tv), calculated with Eq. 1 fro m the tests shown in F igure 6. 
 Ea  
(G/G0 = 0.6) 
Ea  
(G/G0 = 0.37) 
Ea  
(average) 
Tv 
 kJ/mol kJ/mol kJ/mol ºC 
CS11 107.7 106.0 106.9 105 
S15 91.2 87.5 89.3 107 
G15 115.1 122.6 118.8 117 
 
Shape memory 
Figure 7 shows the s train- and temperature-time curves  obtained in 
the shape memory experiments  for CS11, S15 and G15 
formulations , and Table 3 summarizes the fixi ty ratio (Rf) and 
recovery ratio (Rr) for each individual  cycle. In general , fixi ty ratios 
above 99% were measured for all  the vi trimers , which is  a  very 
good resul t. Recovery ratios were also very high, demonstrating the 
ability of these polymers  to go back to thei r permanent shape.  
 
Table 3. Rf and Rr for CS11, S15 and G15 vit rimers, for J=5% and N = 1 to 5.  
 N 1 2 3 4 5 
CS11 
Rf(%) 100.0 100.0 100.0 100.0 100.0 
Rr(%) 98.4 99.2 99.3 99.3 99.4 
S15 
Rf(%) 99.6 99.6 99.7 99.6 99.5 
Rr(%) 99.0 99.7 98.7 100.0 99.8 
G15 
Rf(%) 99.8 99.8 99.8 99.8 99.8 
Rr(%) 99.5 99.7 99.8 99.7 99.8 
 
It is worth to mention the repeatability of the resul ts , showing no 
signi ficant variation for di fferent cycles . Differences among 
formulations are also very low. 
Tests with higher deformation levels were also performed, and are 
shown in Figure 8. Fixi ty and recovery ratios calculated for these 
tests are summarized in Table 4. These tests show that R f and Rr 
values  are very high regardless the deformation applied to the 
material . An X indicates the material failure with the corresponding  
 
 
Figure 7. Deformation (J) and temperature vs. time curves for the 5-cycle shape 
memory tests for CS11, S15 and G15, with J= 5%. 
applied s train at 100 ºC. Decreasing this temperature could enable 
to extend the deformation range without failure.
5
 Overall , these 
materials show excellent fixi ty and recovery ability when compared 
to other epoxy shape memory polymers .
1t5,7t13,17,18,24t29
 It should be 
recalled, however, that shape memory experiments  were ca rried 
out in torsion mode; hence, the deformation values  cannot be 
di rectly compared with other experiments  where only uniaxial 
tensile or compressive s tresses are applied. 
 
Table 4. Rf and Rr for  CS11, S15 and G15 vi trimers for d ifferent values of J and N = 1. An  
X symbol means th at th e specimen b roke wh en th e deformation was applied. Shap e 
memory test with J= 25% were not p erformed  on S15 and G15, sinc e tests with J= 30% 
could be performed.  
 J  (%) 5 10 15 20 25 30 40 
CS11 
Rf(%) 100.0 100.0 100.0 100.0 100.0 X - 
Rr(%) 98.4 98.5 99.6 99.2 99.0 X - 
S15 
Rf(%) 99.6 99.5 99.6 99.6 - 99.7 X 
Rr(%) 99.0 99.0 99.0 99.3 - 100.0 X 
G15 
Rf(%) 99.8 99.9 99.9 99.9 - 99.9 X  
Rr(%) 99.5 99.4 98.7 98.4 - 98.8 X 
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Figure 8. Sh ape memory tests with different d eformation values : ( a) CS11; (b) S15; (c) G15. (d) G15 sample with an applied deformation of 30%, corresponding to a deflection angle 
of more th an 180º.  
 
Temporary and permanent shape changes 
Combination of temporary and permanent shape changes for CS11 
vi trimer was evaluated both qualitatively and quanti tatively. For the 
qualitative test (Figure 9; a  movie clip showing this experiment is 
also available as ESI), the temporary shape was  set by heating the 
sample at 90-100ºC using hot water and manually twis ting i t before 
cooling to RT (a , b). Afterwards, the permanent shape #1 was 
recovered by submerging the sample in hot water again (c, d). To 
set the permanent shape #2 (e), the sample was twis ted in the 
same way as described for the temporary shape setting, but i t was 
subsequently subjected with clamps  to preserve the shape, and 
placed in a convection oven at 160ºC for 1h. After the thermal 
treatment, it was no longer possible to recover the permanent 
shape #1 by heating the sample above Tg. Instead, a new temporary 
shape (f) could be obtained by manually applying a s tress before 
the specimen cooled below Tg. Finally, a new immersion in hot 
water (g) led to the permanent shape #2 again (h).  
The quanti tative demonstration of both temporary and permanent 
shape changes is shown in Figure 10. In a fi rs t s tep, a temporary 
shape with a  deformation J=5% was  programmed at 100ºC, and 
then the specimen was cooled to 20ºC. This  shape was retained 
upon releasing the specimen (W=0), but when temperature was 
raised above Tg, the permanent shape #1 (corresponding to J=0%) 
was  recovered. The next s tep involved the modification of the 
permanent shape. For this purpose, a deformation of 5% was fixed 
for 1h at a temperature of 160ºC, and then the sample was cooled 
again maintaining J=5%. The deformation corresponding to the 
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permanent shape #2 was  measured as 4.7% when the sample was 
heated to 100ºC without applying any torque (W). The discrepancy 
between the new permanent J and the fixed value of 5% is due to 
incomplete s tress  relaxation for the temperature and time used , 
and is in agreement with a stress relaxation of 91% at 1h for the 
same temperature (Figures  5 and 6). Finally, a  new temporary 
shape (J=0%) was fixed at 100ºC. This shape was maintained at 
20ºC when the sample was released, and when temperature 
surpassed Tg the sample went back to the permanent shape #2. 
Conclusions 
The resul ts  presented herein show the possibility of synthesizing 
thermosetting vi trimers from affordable and commercially available 
raw materials such as  DGEBA, inexpensive poly(carboxylic acids ), 
and an imidazole as a catalyst for both the epoxy-acid reaction and 
the homopolymeryzation of the epoxy excess . Interestingly, the 
imidazole was an excellent catalyst for the transesteri fication 
reaction, speeding up the re-shuffling of the polymeric ne tworks 
and enabling permanently re-shaping the material within a 
reasonable timeframe. The shape memory properties  of these 
vi trimers  were evaluated through shape fixity and recovery ratios , 
and overall excellent resul ts were obtained. Regarding the 
di fferences between formulations , the network synthesized with 
glutaric acid has better properties than that obtained using sebacic 
acid, though the latter is more environmentally friendly due to the 
renewable origin of sebacic acid. Moreover, the use of ci tric acid 
(dissolved in sebacic acid) is very advantageous , since i t leads to 
highly crosslinked networks, decreasing the need of an epoxy 
excess and accelerating the s tress relaxation.  
 
Figure 9. Qualitative assessment of shape memo ry and perman ent shape chan ging for  
CS11 vitrimer.  
 
Figure 10. Combin ed shape memory and stress relax ation experiment for CS11 vi trimer .  Th e scheme at th e left illustrates th at th e rate of t ransesterific ations becomes negligib le 
below Tv.
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The shape of the epoxy-acid based vitrimers can be changed either temporally or 
permanently by selecting the appropriate thermal treatment. 
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